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Abstract The system of turbulent thermal convection is introduced. Progresses in recent decades
in the four major areas of research in turbulent convection are brieﬂy reviewed. Some of the recent
trends of the ﬁeld are then discussed, which also serve to point out that the future directions in
this important ﬁeld of ﬂuid mechanics lie in the extension to the non-standard or non-classical
Rayleigh–Be´nard conﬁguration. c© 2013 The Chinese Society of Theoretical and Applied Mechanics.
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Keywords turbulence, thermal convection, turbulent heat transport, thermal plumes, large-scale
ﬂow, small-scale turbulence
I. INTRODUCTION
Thermally-driven convective turbulent ﬂows, or tur-
bulent thermal convections is the most common type
of turbulent ﬂows occurring in nature. Examples in-
clude those in the stars, in the atmosphere and the
liquid core of planets. Turbulent thermal convection
is also important in many engineering applications in
which heat transfers are involved. For this reason, tur-
bulent convection has attracted the attention from re-
searchers in a diverse array of ﬁelds, ranging from astro-
physics and geophysics to mechanical engineering. Be-
cause the temperature and velocity ﬁelds are dynami-
cally coupled to each other, i.e., thermal and mechan-
ical energies are converted to each other over a wide
range of length and time scales, the temperature ﬁeld
becomes an active scalar. This coupling makes convec-
tive turbulence a much richer and also much more com-
plicated phenomenon than Navier–Stokes turbulence.
A paradigm for turbulent convection is the classical
Rayleigh–Be´nard (RB) system, a ﬂuid layer heated from
below and cooled from the top. As a closed system with
well-deﬁned boundary conditions and precisely-tunable
parameters, it is an idealized model to study turbulent
ﬂows involving heat transport and has attracted much
attention during the past few decades.1–6 As a system
with many ﬂow states ranging from simple oscillatory
motion, transition to chaos, chaotic motion, soft and
hard turbulence, it is also the most-studied model in
nonlinear dynamics. The system is characterized by
two control parameters: the Rayleigh number Ra and
Prandtl number Pr, which are deﬁned as
Ra =
αgΔTH3
νκ
, (1)
and
Pr =
ν
κ
, (2)
respectively. Here α is the thermal expansion coeﬃ-
cient, ν the kinematic viscosity, and κ the thermal dif-
fusivity of the convecting ﬂuid, g is the gravitational
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acceleration, ΔT is the temperature diﬀerence between
the bottom and the top plates, and H is the height
of the ﬂuid layer between the plates. In addition, the
aspect ratio Γ = D/H (D is the lateral dimension of
the system) also plays an important role in the struc-
tures and dynamics of the ﬂow. The state of motion in
a thermally driven convecting ﬂuid is governed by the
Boussinesq equations, plus the incompressibility condi-
tion
∂v
∂t
+ v · ∇v = −1
ρ
∇p+ ν∇2v + gαδT ẑ, (3)
∂T
∂t
+ v · ∇T = κ∇2T, (4)
∇ · v = 0. (5)
In the above the ﬁrst equation is essentially the
Navier–Stokes equation with a buoyancy term. It is
obtained under the so-called Oberbeck–Boussinesq ap-
proximation, which assumes that all material param-
eters of the ﬂuid are independent of temperature and
pressure. Only when considering the buoyancy term, is
the temperature dependence of the density ρ taken into
account in a linear approximation, i.e., ρ = ρ0(1−αδT ),
where ρ0 = ρ(T0) and δT = T − T0 with T0 being a ref-
erence temperature, which is usually taken as the mean
temperature of the bulk ﬂuid. When these equations
are written in non-dimensional form, only the two con-
trol parameters Ra and Pr will be present in the equa-
tions of motion for the temperature and velocity ﬁelds.
A measure of the heat transfer eﬃciency by convective
ﬂow is the Nusselt number Nu = J/(χΔT/H), which
is the ratio between the actual convective heat transfer
(the ﬂux J) and the heat that would be transferred if
there exists only conduction, here χ is the thermal con-
ductivity of the working ﬂuid in quiescent state. The
second response parameter is the well-known Reynolds
number Re. Therefore, the system has three control pa-
rameters (Ra, Pr, and Γ ) and two response parameters
(Nu and Re). Figure 1 shows a cartoon of turbulent
thermal convection with the main coherent structures
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Fig. 1. A schematic drawing of turbulent RB convection that
shows the major coherent structures in the system: ther-
mal plumes and the large-scale circulation (LSC), as well
as the boundary layers at the top and bottom plates. The
drawing shows a two-dimensional system of aspect ratio one,
but could also represent a vertical cross-section of a three-
dimensional system in either cylindrical or rectangular ge-
ometries.
of the system: thermal plumes, the large-scale circula-
tion (LSC), and the thermal boundary layers.
There are four major directions in the studies of
convective thermal turbulence: turbulent heat transfer,
boundary layer dynamics, coherent structures and ﬂow
dynamics, and small-scale turbulence. The progresses
made in the past decade in the ﬁrst three areas, i.e.,
heat transfer, boundary layers, and ﬂow dynamics have
been reviewed in detail in the recent article by Ahlers
et al.3 The progresses and current status on the small-
scale properties of the velocity and temperature ﬁelds
have been reviewed by Lohse and Xia.4 In this article, I
will give only a brief introduction and summary on the
status of the major issues. Because of the space limit,
my focus will be mainly on experimental studies. I will
then present and discuss some of the progresses made
since these reviews and focus on several future trends
in this ﬁeld.
II. TURBULENT HEAT TRANSFER
One of the most important issues in the study of
turbulent thermal convection is to determine how heat
is transported by highly turbulent ﬂows and to under-
stand why it is so. Here, one asks how the Nusselt
number Nu depends on the three control parameters of
the system at very high levels of turbulence, i.e., what
is the functional form of Nu(Ra, Pr, Γ )? A number of
theoretical models have been proposed over the years.
The one proposed by Grossmann and Lohse (GL)7–10 is
arguably the most successful one. The key ingredient
of this model is the decomposition of the kinetic en-
ergy and thermal dissipation rates into boundary layer
(BL) and bulk contributions. It can adequately describe
the behavior of Nu over a wide range of Ra and Pr.
For very large Ra and small to moderate Pr, an ear-
lier model proposed by Kraichnan11 predicts that tur-
bulent ﬂow will enter an asymptotic state in which the
boundary layers will become turbulent so that heat will
be transported “ballistically” by turbulent ﬂows. This
implies that heat transfer will no longer be limited by
molecular diﬀusivities, i.e., J will be independent of ν
and κ. From dimensional analysis, one can immediately
obtain thatNu should have an Ra-scaling with an expo-
nent of 1/2 (apart from a logarithmic correction). This
asymptotic state later became known as the ultimate
state of turbulent thermal convection. In the GL model
this ultimate regime is also predicted as one of several
states, depending on the parameter range of Ra and
Pr. To either prove or disprove the existence of this
ultimate regime is important because if it exists we can
then, presumably, extrapolate results from laboratory
experiment to convection phenomena occurring in as-
trophysical objects. Convections in astrophysical, and
also in geophysical systems, typically have Ra larger
than 1020, a value that is beyond the reach of any labo-
ratory experiment in the foreseeable future. In addition,
new physics may be expected in this ultimate regime.
There is no exact value for the onset Ra for this regime
and it depends on the Prantal number. For Pr ∼ 1
(the value for most gaseous ﬂuids), estimates put this
value at around 1013–1014. So far most of the very high
Ra experiments are those made with low temperature
helium gas because of its extremely low viscosity in low
temperature.12–14 However, several experiments made
under nominally similar conditions appear to give con-
tradictory results. As the helium gas is operated not far
from its critical point, it is often not possible to main-
tain constant Pr while changing the Rayleigh number.
So many of the low temperature helium experiments
were not conducted under constant Pr which makes it
diﬃcult to disentangle the eﬀects of Ra and Pr in the
measured Nu.
Recently, He et al.15 have reported observing the
transition to this ultimate regime of thermal convec-
tion in an experiment over the Rayleigh number range
1012  Ra  1015 and at nearly constant Pr. They
achieved this by using pressurized gas in the Gottingen
high-pressure convection facility. For Ra  1013, these
authors’ measurements gave a relation Nu ∼ Raγeff
with γeﬀ ≈ 0.31, which is consistent with the so-called
classical RB convection. In an intermediate transition
region (1013  Ra  5×1014), γeﬀ experiences a gradual
increase and within which multiple-stable states were
also observed. When Ra is further increased beyond
5×1014 and up to Ra = 1015 (the highest Ra reached in
their experiment), these authors found that γeﬀ = 0.38.
This is apparently consistent with the ultimate state
with turbulent boundary layers predicted by Kraichnan.
The value of γeﬀ = 0.38, rather than 0.50, is a result
of the logarithmic correction. In the original Kraich-
nan model this logarithmic correction is also present
in the Reynolds number (Re) dependence of Ra, but
is absent in the more recent model for turbulent ther-
mal convection by Grossmann and Lohse. In the same
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experiment, He et al. indeed found Re ∼ Ra0.5 for
Ra > 5× 1014. (This was achieved with the help of the
elliptic model,16–19 as Taylor’s frozen ﬂow hypothesis
does not apply in this case.) Therefore, their claim of
observing a transition to the ultimate regime is further
supported by the Reynolds number scaling. Further-
more, their results could diﬀerentiate the two models
and appear to support the modiﬁed ultimate state pre-
dicted by the Grossmann and Lohse model. On the
other hand, the experimental data of He et al. in this
new regime only span about half decade of Ra, which
makes their results less conclusive. As the transition
to the ultimate state is essentially a transition of the
boundary layers from being laminar to being turbulent,
by directly looking for transitions in the boundary lay-
ers in future studies will provide more insight into this
regime. Turbulent convection in the absence of BLs is
known as homogeneous RB convection. In a numerical
study Lohse and Toschi20 have shown that in this case
Nu indeed has a scaling Ra0.5 as in the ultimate regime.
The Nusselt number dependence on the Prandtl
number, the other control parameter of the system, is
very important for model diﬀerentiations because dif-
ferent models have rather diﬀerent predictions for the
relation Nu ∼ Prα. For example, Kraichnan11 has
predicted that α = 0 for Pr > 0.1; Shraiman and
Sigga21 predicted α = 0; Grossmann and Lohse7,8 on
the other hand predicted that diﬀerent regions in the
Ra–Pr phase diagram have diﬀerent values of α. In ad-
dition, the large Pr behavior of Nu may be relevant to
problems like mantle convection. As the Prandtl num-
ber is determined by the ﬂuid properties, it can only
be varied over a very narrow range once a ﬂuid is cho-
sen. On the other hand, as can be seen from above,
although diﬀerent models predict diﬀerent Nu ∼ Pr
relations, the dependence on Pr is not strong, which
means that in order to distinguish the diﬀerent predic-
tions one needs to vary Pr over a wide range. This may
be illustrated by the experiment of Ahlers and Xu,22
who found that Nu is decreased by about 2%–3% when
Pr is increased from 4 to 34 (shown in Fig. 2). But the
authors also pointed out that systematic errors could
not be ruled out for the small drop which makes their
results inconclusive. Therefore, only over a wide range
of Pr can a relationship between Nu and Pr be estab-
lished with certainty. This usually led to the compar-
ison between data obtained from diﬀerent experiments
conducted with diﬀerent convection cells (sometimes of
diﬀerent geometries). But this procedure inevitably in-
troduces uncertainties to the interpretation of the data,
since diﬀerent experiments may be subjected to diﬀer-
ent systematic errors. By using a combination of several
ﬂuids, Xia et al.23 measured Nu over two decades of Pr.
As shown in Fig. 2, the trend that Nu decreases with
increasing Pr is established unambiguously only over an
extended range of Pr. Since Nu in Fig. 2 decayed about
20% over the varying range of Pr of the experiment, it
can be concluded that Nu does decrease with increas-
ing Pr for the parameter range of the experiment. This
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Fig. 2. Comparison between experimental data and the the-
oretical prediction of Grossmann and Lohse.8 (Figure taken
from Ref. 8)
conclusion is incompatible with the long standing pre-
diction made by Kraichnan11 that Nu is independent
of Pr in the high Pr (> 0.1) and moderate Ra regime.
It is also clear that both the experimental data of Xia
et al.23 and those of Ahlers and Xu22 have excellent
agreement with the prediction of the GL model. This
agreement is now widely considered as a great success
of the GL model.
All laboratory experiments are conﬁned. Therefore
the aspect ratio of system comes into play. By studying
the aspect ratio dependence of the various ﬂow proper-
ties, one hopes to gain an understanding on how con-
ﬁnement inﬂuences the turbulent ﬂow, which may help
one to extrapolate the knowledge gained in the conﬁned
case to the large aspect-ratio or un-conﬁned situations
such as those occurring in nature. A dominant ﬂow
structure in RB convection is the so-called large-scale
circulation. While diﬀerent ﬂow structures are indeed
observed in convection cells of diﬀerent Γ ,24,25 high-
precision Nu measurements have shown that it has a
weak and in general non-systematic dependence on Γ
in both cylindrical and rectangular cells.26–30 As Γ has
a strong inﬂuence on the ﬂow structures, this also sug-
gests an insensitivity of heat transport to the LSC.3
Regarding the large Γ limit, in an experimental study
of turbulent convection in a one-meter diameter convec-
tion cell over widely varying aspect ratios, Sun et al.28
found that when Γ > 10, the asymptotic regime of lager
Γ may have been reached. On the other hand, in the
small Γ limit, i.e., increasing the eﬀect of conﬁnement,
Huang et al.31 recently found, unexpectedly, an increase
of Nu. In Sect. VI (D), we will explain how this can
happen.
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III. BOUNDARY LAYER DYNAMICS
Boundary layers have long been recognized as play-
ing a vital role in ﬂuid mechanics systems. An obvious
diﬀerence between convective thermal turbulence and
other types of turbulence, such as turbulent shear ﬂows,
is that it has two types of boundary layers: the thermal
boundary layer and the viscous boundary layer, and the
two are dynamically coupled to each other. Measure-
ment of the viscous boundary layer is very important for
understanding the mechanism of turbulent ﬂows in the
system, since diﬀerent models all have similar predic-
tions for the scaling behavior between Nu and Ra, but
have very diﬀerent assumptions for the boundary layer.
Because of the existence of strong temperature ﬂuctu-
ations, the measurement of viscous boundary layer in
thermal turbulence has long been a challenge. Using
a novel light scattering technique,32 Xin et al.33 made
a direct measurement of the viscous boundary layer at
the bottom plate in a cylindrical convection cell and
found that the BL thickness δu ∼ Ra−0.16. This result
does not support the assumption of a classical turbu-
lent boundary made by Shraiman and Siggia21 in their
model of thermal convection. At the sidewall of a cu-
bic cell, however, Qiu and Xia34 found that the viscous
BL thickness follows the classical Prandtl–Blasius (PB)
scaling. In a later study using particle image velocime-
try (PIV), Sun et al.25 measured the viscous BL at the
bottom plate in a rectangular cell and found that δu
also follows the classical PB scaling. This conﬁrms the
assumption of a PB boundary layer made in the GL
model. Recently, Wei and Xia35 made a PIV measure-
ment of the viscous BL in a cylindrical cell and found
that the diﬀerence between the results from Xin et al.33
and Sun et al.25 may be explained by the presence of
the azimuthal motion of the LSC in the cylindrical cell
and that when this azimuthal motion is suppressed the
BL scaling in the cylindrical cell approaches that of the
classical PB type.
While the Blasius-type laminar boundary condition
is indeed a good approximation, in time-averaged sense,
both in terms of its scaling and its various dynamical
properties,25 the shape of the velocity proﬁle in turbu-
lent convection is found to deviate25,36 from that pre-
dicted by the PB boundary layer theory. Recently, Zhou
and Xia37 discovered that the intermittent ejection of
thermal plumes leads to the ﬂuctuations of the BL
thickness and that the statistical properties of the BL
ﬂuctuations inside and outside the BL are diﬀerent. As
a result, a measurement position in the laboratory frame
will be sometimes inside and sometimes outside the BL,
which results in a mixed statistics in the measured time-
averaged quantities. By introducing a dynamic scaling
method that expresses the measured boundary layer
quantities in a time-dependent frame that co-moves
with the ﬂuctuating boundary layer thickness itself, a
clean separation between the two types of statistics is
achieved and the measured velocity proﬁle, when sam-
pled in the time-dependent frame, is brought into per-
fect collapse with the theoretical PB proﬁle. In a later
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Fig. 3. Comparison between (a) velocity proﬁles and
(b) temperature proﬁles near the bottom plate (Ra = 109
and Pr = 0.7).38 (Figure taken from Ref. 38)
study Zhou et al.38 further showed that this dynamical
method works not only for viscous BL but also for ther-
mal BL, as well as for diﬀerent Prandtl numbers. An
example is shown in Fig. 3. This discovery prompted
a number of subsequent studies on the boundary layer
structures in turbulent convection. These studies show
that, to varying degrees, the dynamical scaling method
works in cells of diﬀerent geometries and at diﬀerent
positions along the horizontal plates. But in general,
the dynamically sampled proﬁles have better agreement
with PB proﬁle in 2D and quasi-2D cells than in 3D
cases.39–43 This is partly because the PB boundary layer
theory is essentially a 2D model and partly because of
the azimuthal motion of the LSC in the 3D case.35
IV. COHERENT STRUCTURES
A. Large-scale ﬂow dynamics
A fascinating feature of turbulent RB convection is
the emergence of a well-deﬁned and nearly coherent cir-
culating roll spanning the height of the convection cell
(for Γ  1), in deﬁant of the turbulent background.
This LSC is also known as the wind of turbulent con-
vection. An important question concerns the origin of
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the LSC and its sustentation. To answer these ques-
tions, Xi et al.44 studied the transient behaviour of the
large-scale mean ﬂow through both shadowgraph visu-
alization of the thermal plumes and PIV measurements
of the velocity ﬁeld. Their experiment revealed that the
ﬂuid entrainment caused by the plume’s vertical motion
generates vortices surrounding the plume itself. These
vortices in turn generate the initial horizontal motion
of the ﬂow ﬁeld. It demonstrates clearly that it is the
thermal plumes that initiate and sustain the horizontal
large-scale ﬂow. The velocity ﬁelds acquired by the par-
ticle image velocimetry shown in Fig. 4 illustrate var-
ious stages of the transient process of LSC formation,
from straight-going starting plumes to plumes in a cir-
culatory motion.
An important issue in the study of ﬂow dynamics
is the scaling of the Reynolds number Re with Ra, i.e.,
Re ∼ Raγ . A riddle exists concerning the scaling expo-
nent γ, a large number of experiments have produced a
range of its value from 0.42 to 0.5. The diﬀerence is large
enough that it can not be explained by experimental un-
certainties and diﬀerences in the techniques used.45 Be-
cause the properties of Re reﬂect the underlying driving
mechanism and energy budget, this discrepancy is nat-
urally a cause of concern.9 Sun and Xia46 analyzed re-
sults from various studies and found that the measured
Re can be divided into two groups: one based on the
circulation frequency of the mean wind and the other
based on a directly measured velocity. For the ﬁrst type
of measurements, Ref = uLSCH/ν = 4H
2fC/ν. A key
step in Sun and Xia’s work is the recognition that in
the above formula the LSC has been implicitly assumed
to have a constant circulation pathlength LSC = 4H,
whereas, as pointed out by Niemela and Sreenivasan,47
LSC is not a constant but evolves with Ra. Sun and
Xia46 further measured the evolution of LSC with Ra
and found that LSC = 4H only for suﬃciently large Ra.
This implies that the measured Re-scaling exponent is
an eﬀective exponent, i.e., Ref = Ra
γeff . For the second
type of measurements, Sun and Xia found that the in-
clusion of counterﬂows reduces the average velocity and
changes the characteristic magnitude of the circulation
speed of the wind. In fact, when ﬂows in both directions
become equally probable, the mean velocity will be close
to zero. This means that a properly chosen wind ve-
locity used to deﬁne a characteristic Reynolds number
should not include the counterﬂow. When these factors
are properly accounted for, both groups give γ = 0.5,
which implies that a single mechanism is driving the
ﬂow for both low and high values of Ra.
As a coherent large-scale structure, the LSC has
many intriguing dynamic features, such as azimuthal
rotations and occasional cessations (momentary vanish-
ing of its circulation speed) and reversals (of its circu-
lation directions). Perhaps most striking among these
is the coherent three-dimensional bulk oscillation, which
has been observed in both the temperature and velocity
measurements,12,48,49 and in convection systems with
diﬀerent ﬂuids12,50,51 and diﬀerent geometries.24,52,53 In
addition to the apparent oscillations observed for tem-
perature and velocity in the vertical circulation plane
of the LSC, horizontal oscillations of the velocity ﬁeld
have also been observed.54–56 Villermaux57 has sug-
gested that this oscillation is a result of the periodic
emission of thermal plumes from the boundary layers
that are coupled by the LSC. His model assumes that
plume emission from one plate is triggered by the arrival
of thermal plumes from the other one, so that plumes
are emitted not only periodically but also alternately
between the top and bottom plates. Although some
experimental studies appear to support the picture of
alternate and periodic plume emissions,58–61 there has
been suggestons that periodic plume emission is not nec-
essary for the horizontal oscillation of the bulk ﬂuid.54,56
Part of the reason for this controversy is that most of
the earlier measurements are two-dimensional. To un-
lock the intricate dynamics of the LSC oscillation, Xi
et al.62 designed a 3D experiment that directly mea-
sured the plume oscillation signals simultaneously from
the top and bottom plates as well as at the mid-height
plane. From these measurements they were able to de-
termine the phase relationships between plume emis-
sions from the top and bottom plates and also plume
emissions/arrivals in diﬀerent regions of the same plate.
Their results show convincingly and conclusively that
thermal plumes are emitted neither periodically nor al-
ternately, but randomly and continuously, from the top
and bottom plates. Their experiment also discovered a
new ﬂow mode — the sloshing mode of the LSC, which
are shown in Fig. 5. Zhou et al.63 further discovered
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that the sloshing mode at cell center and the torsional
mode near the top and bottom plate have a phase diﬀer-
ence of π/2 and are the same oscillatory motion mani-
fested at diﬀerent heights. This sloshing mode, together
with the torsional mode of the LSC, are found to be the
origin of the oscillation of the temperature ﬁeld. Moti-
vated by this discovery, Brown and Ahlers64 proposed
a stochastic model that could explain the origin of the
sloshing and torsional oscillations in turbulent convec-
tion.
Another intriguing dynamical feature of the LSC is
the cessation and reversal phenomenon. It has been ob-
served that the LSC ﬂow strength experiences momen-
tary vanishing, which are called cessations and when,
after a cessation, the LSC restarts in an opposite cir-
culation direction, it is called a ﬂow reversal.65 This
phenomenon has attracted a lot of attention since its
discovery.55,65–76
Besides its importance in understanding the ﬂow
dynamics in turbulent convection, this phenomenon is
generally believed to have some connection and certain
statistical similarity with reversals in the magnetic po-
larity of the Earth77 and in the wind direction in the
Earth’s atmosphere.78 Its study is therefore of some
general interest. Brown et al.65 made the ﬁrst system-
atic studies of the cessation phenomenon in aspect ratio
one cylindrical geometry. They found that the LSC is
equally likely to restart in any orientation after a cessa-
tion, i.e., reversal is only a special case of cessation and
that cessation events are Poisson distributed in time,
i.e., successive events are uncorrelated. For Γ = 1/2
case, Xi and Xia72 found that reversals are more likely
to occur after cessations. With the accumulated statis-
tics, they were able to show that, like cessations, rever-
sal events also obey Poisson distribution. For 2D and
quasi-2D systems, Sugiyama et al.74 found that the re-
versal frequency decreases with increasing Ra, which is
in sharp contrast with 3D case where the cessation fre-
quency is found to be independent of Ra. There are a
number of theoretical studies aimed at understanding
this phenomenon, some are stochastic and some are de-
terministic. In particular, Brown and Ahlers79 proposed
a model based on physically motivated ordinary diﬀer-
ential equations with stochastic noise term and ﬁnd very
good agreement with experimental results. However, a
model that can explain the observed phenomena in both
2D and 3D cases under a uniﬁed framework is still miss-
ing.
B. Thermal plumes
Thermal plumes, both as thermal and geometrical
objects, play an important role in heat transport, and
there are a number of studies devoted to this subject.
For example, using direct and simultaneous local ve-
locity and temperature measurements, Shang et al.80,81
obtained the local heat ﬂux and found that the thermal
plumes are dominant carriers of heat in turbulent con-
vection and that, due to the LSC, the heat ﬂux in the
convection cell are mainly transported by plumes along
the sidewall of the convection cell. In a later study,
Shang et al.82 further showed that the local heat ﬂux
at cell center scales with Ra with an exponent close to
0.5, suggesting that in the turbulent bulk ﬂow, i.e., in
the absence of boundary layers, the scaling is similar to
that in an ultimate regime, which also conﬁrms the nu-
merical results of Lohse and Toschi20 for homogenepous
RB convection.
Zhou and Xia83 extracted plumes from the mea-
sured temperature time series by recognizing that ther-
mal plumes produce cliﬀ and ramp structures in the
measured local temperature time series and using the
criterion Tτη > Trms (where Tτη is temperature incre-
ment over the dissipative timescale). In contrast to
“ramp-cliﬀ ” structures for passive scalars, these ex-
tracted plume signals clearly exhibit “cliﬀ-ramp” struc-
tures (corresponding to the cap of plumes) that exhibit
log-normal distribution. Zhou et al.,84 in a later study
of morphological transformation from mushroom-like to
sheetlike plumes, found that several other properties
of plumes, such as the area, circumference and heat
content (as shown in Fig. 6), also exhibit log-normal
distributions, suggesting that long-normality may be a
generic feature of plume-related quantities. In the same
study, Zhou et al.84 also found that plumes in the bulk
are always associated with strong vertical vorticity, this
ﬁnding suggests that mushroomlike plumes are essen-
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Fig. 6. (a) An example of extracted sheetlike plumes with
background in the original image removed. (b) Probability
density functions (PDFs) of the logarithm of the normalized
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pl are the area and “heat
content” of the sheetlike plumes, respectively. For clarity,
the vertical scale for lg(Qsheetpl /Q0) has been divided by 10.
The curves are Gaussian-ﬁttings to the respective data.84
(Figure taken from Ref. 84)
tially vortical structures. Using simultaneously mea-
sured local velocity and temperature data,80 Ching et
al.86 obtained plume velocity by calculating the condi-
tional average of velocity on temperature and decom-
posed the velocity signal into a sum of plume veloc-
ity and a background one that is uncorrelated with
the temperature. In direct numerical simulation (DNS)
studies, in which velocity and temperature ﬁeld can
be obtained simultaneously, more elaborate plume ex-
traction schemes have been developed. For example,
Julien et al.85 identiﬁed plumes using several criteria
that are combinations of temperature, vertical veloc-
ity and vertical vorticity satisfying certain thresholds.
Using such method, they separated the measured lo-
cal heat ﬂux into the ones carried by the plumes and by
the background velocity. While in Zhou et al.84 individ-
ual sheetlike plumes were extracted manually, Shishk-
ina and Wagner87 identiﬁed them using the properties
of temperature, thermal dissipation rate and vorticity.
V. SMALL-SCALE THERMAL TURBULENCE
What is the physical mechanism that drives the
cascades of the velocity and temperature ﬁelds in
buoyancy-driven turbulence, such as turbulent thermal
convection, has been a long-debated issue. The ques-
tion essentially is: Does buoyancy explicitly manifest
itself in the small-scale behavior of velocity and temper-
ature ﬁelds in this type of ﬂows, or it will be the same
Kolmogorov-type cascade mechanism that dictates the
cascades of turbulent kinetic energy and temperature
variances? Speciﬁcally, does the Bolgiano–Obukhov
scaling (BO59) exist above the so-called Bolgiano scale
B? Note that BO59 also implies that the temperature
is an active scalar, at least in the region and within
the range of scales it exists. Over the years a number
of experimental and numerical studies of RB convec-
tion appear to have observed the BO59 scaling. But
many of these studies have very limited scaling range
and quite often are obtained in the time or frequency
domain. Therefore, to really answer this question, one
needs to make direct measurements of the spatial ve-
locity and temperature structure functions instead of
inferring them from time-domain data. With the ad-
vancement of the particle image velocimetry (PIV) tech-
nology, high-resolution measurements of the real-space
structure functions (SF) become possible. Sun et al.88
made the ﬁrst attempt in this direction by measur-
ing high-resolution velocity and the temperature ﬁelds
in real space. Using PIV and the multi-thermistor-
probe technique, they measured respectively the two-
dimensional velocity ﬁeld and the temperature diﬀer-
ence, from which the real-space structure functions of
both velocity and temperature were obtained. Sun et
al. found that in the central region both velocity and
temperature exhibit the same scaling behavior that one
would ﬁnd for the velocity and for a passive scalar in ho-
mogeneous and isotropic Navier–Stokes turbulence. On
the other hand, Kunnen et al.,89 also using PIV and
also in water-ﬁlled cylinder of aspect ratio one but with
a Ra number that is approximately ten times smaller
than that in Sun et al. Their results for low-order veloc-
ity SFs appear to support BO59 scaling, although the
scaling range is very short. How can one understand
the apparent discrepancy? In the case of Sun et al., the
estimated Bolgiano scale is based on the globally aver-
aged viscous and thermal dissipation rates which can be
related to the global quantities Ra and Pr by the equa-
tions of motion. This result indicates that BO59 should
be easier to observe with higher Rayleigh number. How-
ever, this is misleading. As the dissipation rates are
local quantities or ﬁelds and they are not spatially ho-
mogeneous as shown in the DNS results by Kunnen et
al.89 In fact what they found was that locally the Bol-
giano scale increases with Ra, which is opposite to the
behavior of its global counterpart. If one uses the nu-
merical result of Kunnen et al., one sees that the local
Bolgiano scale in the case of Sun et al. is ten times
larger than the global one and it is also larger than the
size of their PIV measurement region. This may explain
why Sun et al. observed K41-like scaling, it is the one
that one should have expected in the range of scales of
their measurement. Now one would conclude that we
should look for BO59 scaling using smaller values of Ra.
But this will also reduce the inertial range, which one
can see already from the results of Kunnen et al. In
addition, it has been found much earlier by Calzavarini
et al. that the Bolgiano scale is the largest in the cell
center and that one should look for BO scaling near cell
boundaries. But in this case, other eﬀects like shear
will contaminate the results. As discussed by Lohse
and Xia,4 due to the opposite behavior of the global
(〈B〉) and local (B(x)) Bolgiano scale with respect to
their Ra dependence, and the lack of wide separation of
scales between η (the Kolmogorov dissipation scale), B
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and L (the integral scale), as well as theoretical incon-
sistencies of the Bolgiano argument itself, the existence
of the Bolgiano scale (i.e., BO59-type of scaling above
B and K41-type scaling below B) remains unsettled.
Because of the space limitation, issues such as the
statistical properties of temperature as an active scalar
and the mixing of passive scalar in buoyancy-driven
ﬂows will not be discussed here.83,90
VI. RECENT DEVELOPMENTS
In recent years, research in turbulent thermal con-
vection has gone beyond the classical RB case. These
include thermal convection with phase change or multi-
phase ﬂuids, rotational RB convection.
A. Convection in multiphase ﬂuids
Convection in multiphase ﬂuids has become a very
active research topic in recent years, partly because of
its potential application in engineering problems such
as heat transfer and in meteorology such as in cloud
physics. There are a number of studies that fall un-
der this category. These include convection involving
phase change of single component ﬂuids through con-
densation and evaporation between the vapor and liq-
uid phases,91,92 convection in ﬂuids with bubbles,93–95
convection in nanoﬂuids,96 convection with polymer
additives,97–99 and moist convections.100–102 In an ex-
perimental study involving the evaporation and conden-
sation of ethane, Zhong et al.91 found that the eﬀective
thermal conductivity is increased over one order of mag-
nitude that of single phase. In several numerical stud-
ies, it was found that the introduction of micro-sized
bubbles, either introduced externally or through boil-
ing, into RB convection can greatly increase the Nu by
almost an order of magnitude.92–94 On the other hand,
adding nano-sized conducting particles (nanoﬂuids)96 or
small amount of polymers97 to the standard RB cell
have seen reduction of Nu. However, by using rough
plates (therefore reducing the contribution of BL to the
total dissipation of the system), Wei et al.98 have found
an increase ofNu beyond certain polymer concentration
(as shown in Fig. 7). Their results are consistent with
the numerical results of Benzi et al.99 that showed Nu
increase with polymers additives in homogeneous RB
convection. Together, these results suggest that poly-
mer additives can enhance heat transport when they
are in the bulk, but will reduce heat transport when
they are in the boundary layer. On the other hand,
exactly how polymers can enhance heat transport in
the turbulent bulk remains unclear, although there are
evidences that the coherence of temperature ﬁeld are
increased with the presence of polymers.99 This sug-
gests that studying how polymers modify the small-
scale properties of the ﬂow, such as turbulent cascades
and energy balance, should provide some insight to this
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Fig. 7. Enhanced and reduced global heat transport by
polymer additives. The experiment was conducted using
the polymer polyethylene oxide (PEO) of molecular weight
4 × 106 g/mol in an aspect ratio one cylindrical cell with
rough top and bottom plates. (a) Compensated Nu as a
function of Ra for polymer concentrations c = 120, 150, and
180 ppm (1 ppm = 1× 10−6). Also shown are compensated
Nu measured with c varying from 30 to 180 ppm at approxi-
mately the same Ra ≈ 5.4× 109. The open circles represent
pure ﬂuid result. (b) Nu normalized by pure ﬂuid value
versus polymer concentration c for several values of Ra.98
(Figure taken from Ref. 98)
very important and intriguing problem. Another exam-
ple of turbulent convection involving multiphase ﬂuids
is moist convection. It has attracted some attention re-
cently because of its close connection to cloud formation
in the atmospheres.100–104 Because of space limit, this
very interesting topic will not discussed here.
B. Rotating Rayleigh–Be´nard convection
Rotating RB convection has attracted a lot of atten-
tions in recent years,105–112 as it is highly relevant for
geophysical and astrophysical systems. How rotation
inﬂuences heat transport and the large scale ﬂow dy-
namics are some of the questions that have been asked.
It has been widely assumed that competition between
the global buoyancy force and the Coriolis force is the
main factor governing the ﬂow dynamics in rotating
convection. A coupled set of laboratory and numeri-
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cal works by King et al.109,110 showed that the global
force balance argument could not correctly predict the
crossover between diﬀerent regimes. Instead, they ar-
gued that whether the ﬂow is in one regime or the other
depends on the relative thicknesses of thermal and Ek-
man boundary layers. Ekman pumping has been at-
tributed to the observed heat transport enhancement
in experiment. For example, Zhong et al.107,108 have
found in an experimental study that under an appropri-
ate range of parameters (Ra, Pr, and the rotation rate),
Nu can be enhanced by unto 30% due to the stretch-
ing of plumes from the BL by Ekman pumping. On
the other hand, no direct measurement of the Ekman
layer has ever been made and the exact nature of Ek-
man pumping remains unclear. This points to a future
direction of research in the area of rotating convection.
C. Convection in multilayer ﬂuids
Another area of non-standard RB convection in-
volves multilayer ﬂuids. Multilayer turbulent ﬂow, in
particular, multilayer turbulent convection is a phe-
nomenon occurring widely in nature. An example is the
coupled system of atmospheric and oceanic convections,
in which convection is either thermally driven or density
driven. Recently, Xie and Xia113 made an experimen-
tal investigation of the ﬂow dynamics in a two-layer RB
convection (as shown in Fig. 8). They found that there
exists one LSC in each layer and the two can couple in
two diﬀerent modes, viscous coupling (the two LSCs are
in the same direction at the interface) and the thermal
coupling (the two are opposite to each other at the in-
terface). Furthermore, the cessation/reversal behaviors
in the two-layer system are dynamically distinct from
those in single-layer RB convection. This preliminary
study suggests that there are rich dynamical behaviors
to be explored in multilayer turbulent convection.
D. Geometrical and conﬁnement effects in turbulent
convection
The ability to signiﬁcantly enhance the eﬃciency of
heat transfer is of great importance in industry and in
many daily applications. In many engineering applica-
tions heat transfer often take place in conﬁned spaces,
such as cooling in microelectronic devices. However,
turbulent convection in highly conﬁned geometries have
been seldom studied. Recently, there have been a num-
ber of studies in this direction. For example, Poel et
al.114 made a numerical study of aspect ratio depen-
dence in a 2D system. Zhou et al.29 made an experimen-
tal study of the aspect ratio dependence in rectangular
geometry with aspect ratios Γ⊥ (Γ⊥ = W/H) in the
plane perpendicular to the LSC’s circulation plane as
small as 0.3. Note that reducing Γ⊥ decreases the sep-
aration between the front and back walls of the convec-
tion cell and increases the eﬀect of conﬁnement, which
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Fig. 8. Flow couplings in two-layer turbulent convection.
Δθ in plot (b) stands for diﬀerence between the azimuthal
orientations (phase diﬀerence) of the LSCs in the two layers
and “t”, “m” and “b” stand for the top and middle and
bottom positions of the LSC. (c) Normalized temperature
diﬀerence of the top and bottom plates conditioned on the
ﬂow coupling parameter Δθmm, which shows that thermal
coupling is more eﬃcient for heat transport than viscous
coupling in the two-layer thermal convection system. The
dashed lines are the boundaries for diﬀerent coupling states.
Thermal and viscous stand for thermal coupling and viscous
coupling, respectively.113 (Figure taken from Ref. 113)
should increase the frictional drag from the walls. With
increased frictional drag from the container walls, one
would ordinarily expect decreased transport of these
quantities. Therefore, it came as a big surprise when
Huang et al.31 observed heat transfer enhancement by
narrowing the width of a RB convection cell. Their
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study shows that, as expected, the increased drag from
the conﬁning walls indeed decreases the turbulent ﬂow
velocity, therefore reducing momentum and mass trans-
port. The heat transport also decreases initially with
decreasing aspect ratio. But when Γ⊥ becomes smaller
than 0.3, the global Nu increases signiﬁcantly, appar-
ently oﬀsetting the eﬀect of drag increase. Their de-
tailed experimental and numerical investigations show
that the conﬁnement also changes the dynamics and
morphology of thermal plumes such that these heat-
carrying objects become more coherent. As a result,
these plumes experience less heat loss as they travel
across the convection cell, which led to a net increase
of heat transfer eﬃciency. For the parameter range
explored, they found that Nu is increased by up to
17%. As shown in Fig. 9, unlike in the large aspect
ratio (Γ ∼ 1) case, where heat are mainly transported
along the perimeter of the cell by plumes carried by
the LSC, in the conﬁned (small Γ ) cases, plumes are
more coherent and go up and down vertically in ran-
dom locations. The study demonstrates how changes
in turbulent bulk ﬂow can inﬂuence the boundary layer
dynamics and shows that the prevalent mode of heat
transfer existing in larger aspect ratio convection cells,
in which hot and cold thermal plumes are carried by
the LSC along opposite sides of the sidewall, is not the
most eﬃcient way for heat transport. The study sheds
new light on turbulent heat transport and has poten-
tial applications in passive heat management, which is
critical for many microelectronic devices.
VII. FUTURE DIRECTIONS
From the above examples, we can see that one of
the future trends in turbulent thermal convection re-
search is that investigations will be carried out in non-
standard RB conﬁgurations that are more directly re-
lated to many of the “real world” problems in geo-
physics, astrophysics and engineering applications. On
the other hand, the classical RB convection still is the
canonical system for understanding the generic ther-
mal convection problem because of its simplicity, i.e.,
well-deﬁned boundary conditions and precisely-tunable
control parameters. In fact, several major issues re-
main for the RB system. The ﬁrst one regards the ex-
istence and nature of the ultimate regime. As already
discussed, although there are evidences to show the ex-
istence of or transition to this state. This has not been
accepted by the entire convection community. This is
partly because of the Ra range is rather short. Future
eﬀorts should be made to extend the Ra range of the
observed regime and, perhaps more importantly, to di-
rectly probe the associated boundary layer transitions.
The second question regards the existence of the BO
scaling. Here existence means not just some power laws
that have exponents that are the same as predicted by
BO59, but the scaling should be observed over an ex-
tended, and the same, range of spatial scales for both
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60 12010590750 15 30 45
Fig. 9. Instantaneous temperature-velocity ﬁelds (top panel)
and time-averaged local heat ﬂux (bottom panel) in the
vertical x-z plane mid-way between the lateral y-walls for
Γ = 1/2 (left) and Γ = 1/8 (right). These ﬁgures illustrate
how geometric conﬁnement changes the paradigmatic mode
of heat transfer in turbulent convection. In large aspect ra-
tio (∼ 1) geometries the LSC carries hot and cold plumes
along opposite sidewalls in a circulatory motion. In conﬁned
geometries (small aspect ratios), more coherent plumes go
up and down vertically in random locations. The tempera-
ture is coded in color in the unit of ΔT such that it is zero
at cell center, and the velocity is coded in vector length in
unit of free-fall velocity. The non-dimensional heat ﬂux is
coded in both color scale and vector length.31 (Figure taken
from Ref. 31)
the velocity and temperature above the Bolgiano scale.
As already stated, this question is of fundamental im-
portance. Even if it exists, the range of scales for this
scaling is likely to be very short. Therefore, direct test
of the force balance assumption that underlies the BO
scaling4 should provide more conclusive results. Note
that this assumption was recently validated numerically
in 2D Rayleigh–Taylor turbulence.115 The third one is
the large-scale circulation. How to understand its rich
dynamics in a coherent way? Some of these are stochas-
tic (like the azimuthal motion, and cessations and re-
versals); and some appear to be deterministic, like the
twisting and sloshing motions. How to describe all of
these in a single model based on the equations of mo-
tion? Another important question is whether the LSC
can persist to extremely high values of Ra, say beyond
1014. And what will happen to the heat transport and
other global properties of the system when the LSC does
break down?
Because of the space limit, I have to leave out many
other interesting topics such as Langrangian measure-
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ments. Progress in the Lagrangian studies of turbulent
RB convection have been made in recent years, both
experimentally and numerically, this allows more di-
rect study of mass transport and particle dispersions
in buoyancy-driven turbulent ﬂows.116–120 Some of the
other interesting topics include double diﬀusive convec-
tion and horizontal convection (both are highly relevant
to oceanography); convection in highly viscous and non-
Boussinesq ﬂuids that are relevant to mantle convection.
Through this short (and unavoidable incomplete and
biased by personal views), I wish to convey the mes-
sage that despite over one hundred years of research,
RB convection is still a very active and important topic
that underlies a wide range of thermally-driven turbu-
lent ﬂows, with much more remain to be explored.
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